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ABSTRACT
Thermal integration of a solid oxide fuel cell and a lithium bromide absorption chiller is proposed for air conditioning
at data centers. Solid oxide fuel cells (SOFC) can be effectively implemented as primary energy producers at data
centers due to their efficiency, environmental friendliness, and fuel flexibility. This study focuses on row-level SOFC
power in the range of 150 – 200 kW. Operating at temperatures greater than 700°C, SOFC systems can produce high
quality heat that can be utilized by absorption technology to provide supplemental cooling for the servers. This study
investigates the operation of a triple-effect absorption chiller (AC) in two possible configurations of a data center. The
first configuration corresponds to traditional air-cooled servers. This configuration offers row-level cooling using a
large-scale triple-effect lithium-bromide absorption chiller to provide cooling using traditional air handling units. The
second configuration corresponds to newer liquid cooled servers, which can use chilling at higher temperatures.
The study theoretically investigated the SOFC system and the useful heat within the exhaust stream. Exercising a
mathematical model, we find that SOFC exhaust temperatures range from 250-350°C. Combining the exhaust heat
characterization with waste heat recovery (WHR) from a triple-effect AC, we verify that the useful heat in the exhaust
ranges between 80 and 120 kW. A mathematical model of a triple-effect AC investigates the operation of the AC
between the varying exhaust temperatures and chilling temperatures. We concluded that at higher chilling
temperatures, the integrated SOFC/AC system can fully offset the chilling and power demand of the server row in the
data center.

1. INTRODUCTION
The largest consumer of electricity in the United States in the year 2014 was data centers, consuming 32 billion kWh
in servers, 7 billion kWh in data storage, 1.3 billion kWh in networking, and 35 billion kWh in supporting
infrastructure. Data centers are relatively new types of infrastructure that serve to supply the internet connectivity that
civilization has come to increasingly rely upon. As shown in Figure 1, data centers energy use between the years of
2000 and 2006 more than doubled. Figure 1 also shows the compound effect of technological improvements
throughout time with demand increase being flattened by continuous efficiency improvements.
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Figure 1: Data Center Electricity Consumption [11]
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The implementation of fuel cells to produce electricity for data centers could decrease the carbon emissions of data
centers significantly. Fuel cell systems are electricity producing machines that operate using a fuel input and an
oxidizer input similar to traditional combustion systems. However, fuel cells utilize an ion exchange electrolyte
membrane to separate the fuel oxidation reaction (anode electrode) from the oxidant reduction reaction (cathode
electrode), whilst allowing for transport of electrons in an external electric circuit. Hydrogen electrochemical oxidation
is the primary driving force of fuel cells.
Solid oxide fuel cells (SOFC) are a specific type of high-temperature fuel cells, named so due to the solid ceramic
electrolyte that transport oxygen ions. SOFC systems can run on natural gas thanks to the steam methane reformation
(SMR) that occurs within the anode compartment and that produces hydrogen from steam and methane [8]. SOFC
systems are the primary focus of this research since they can be the bridge from a traditionally grid-supplied data
center to a completely carbon-neutral renewable hydrogen one.
SOFC systems operate at very high temperatures (650-900°C) within the stack, while the flue gas stream can still have
a relatively large amount of heat that can be harnessed in bottoming processes [6]. To capture this otherwise wasted
heat, waste heat recovery technologies can be employed. Absorption chilling technology uses a thermodynamic cycle
to produce chilling from the waste heat and therefore provide more of the required utilities at a data center application.
By using SOFC exhaust heat to produce cooling, the integrated SOFC and absorption chiller system may provide the
primary requirements of the servers at an efficiency that would not be possible without this synergistic integration.
1.1 Prior Research
The concept of an integrated fuel cell with a thermodynamic cycle is not unexplored in previous research, but that
research does not include the specific scale or application of use in data centers. A study performed by Sevencan et
al. [10] provides the most applicable background investigation: a study of combined cooling heat and power (CCHP)
for a data center. The research presents a model of a molten carbonate fuel cell (MCFC) and a lithium bromide
absorption chiller powering and cooling a data center. The analysis presents the benefits of localized power production
in DC format, along with a standard Li-Br absorption cycle rejecting heat to provide district heating. The study
presents an overall efficiency of 88% for the CCHP system considering that all the outputs from the system are utilized
effectively. The improvement in efficiency, compared to traditional electricity delivery via the grid, allows for a
€815,000 per year savings in operational cost. However, the study also shows that the capital investment required for
installing such a system is too large for significant payoff considering the system’s lifetime, which is stated to be
limited by the short stack lifetime of a MCFC. Despite this, as the fuel cell technology improves the capital cost of
fuel cell systems will decrease and lifetime of the stacks will continue to increase [5].
A similar system integration is studied by Tian et.al. [12], where an SOFC topping cycle is paired with two bottoming
cycles, an organic Rankine cycle (ORC) and an absorption chiller (AC). The system achieves a net electrical efficiency
of 52.83%, an exergetic efficiency of 59.95%, and a trigeneration efficiency of 74.28%. These efficiencies demonstrate
the very high cogeneration efficiencies that such an integrated system can achieve. The study further investigates
effects of changes to the stack inlet temperature and steam-to-carbon ratio on the stated efficiencies. Thermal
efficiency of the system is maximized at an inlet temperature of 550°C, while the exergetic efficiency is maximized
at 635°C. The study also includes a breakdown of exergy destruction on a component basis. Understanding
inefficiencies in each of the components can highlight the areas within a cycle where improvement would have the
most effect. Tian et.al. conclude that, in the system modeled, the SOFC accounts for the largest fraction of exergy loss
(i.e., 24.42%).
These previous investigations of the systems provide some exciting incentive for investigating the proposed integrated
system. No existing literature investigates the operational controls of the SOFC and AC, which would allow them to
fully offset the thermal load of the servers. Therefore, this study focuses on the operational parameters that govern the
integrated system and aims to find how adjusting these controls can allow the system to provide the maximum amount
of cooling while still providing the necessary power.
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2. INTEGRATED CONCEPT
This study focusses on the application of an integrated SOFC and AC system at a data center for providing power and
cooling for the servers. The synergistic relationship between the high-temperature SOFC systems and waste heat
recovery absorption chillers offers a unique advantage when applied to data centers. The principal demands of servers
for power and cooling suggest that such an integrated system would have enormous utility if implemented. The scale
of the concept is best illustrated by Figure 2 below.
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Figure 2: SOFC and AC Integrated Concept for Data Centers
When considering the implementation at data centers, there are a few constraints that govern the commissioning of
such an integrated system. First, data centers require incredible reliability of power [9], therefore a single SOFC power
system would not be very feasible due to long restart times (24 hours) and a required backup power setup. The
implementation of SOFC systems at rack level (15 kW), similar to the concept proposed by Zhao et al., [13], can
increase the robustness of the power supply, but radically increases operation and maintenance costs. Due to these
restrictions, we selected the row-level scale as more relevant for SOFC applications. The number of servers in a row
varies but is generally around 10 server racks (150 kW), which corresponds well to both commercially available SOFC
systems and AC systems. Herein we mathematically investigate the integrated system to demonstrate its effectiveness
to completely cover the electric and cooling power demands.

3. SOFC MODEL
To evaluate the effectiveness of a thermally integrated AC with an SOFC for the application of distributed power and
cooling in a data center, we present a mathematical model developed in Engineering Equation Solver (EES) and
MATLAB. The model consists of three sub models: a high-level thermodynamic model of an SOFC, a thermal loading
and process airflow model for the servers, and a floating state point model of a Lithium Bromide (LiBr) AC.
To better understand the thermodynamic heat source and the different operational strategies and their impact on
exhaust temperature, flow, and heat capacity, we constructed a comprehensive SOFC system model. We selected a
200 kW (AC) SOFC system. Such systems sizes are commercially available and have been previously installed at data
centers to supply steady state base loads [0]. The SOFC runs on natural gas and can achieve thermal efficiencies,
based on fuel LHV, of around 50%. The layout of the SOFC balance of plant is detailed in Figure 3.
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Figure 3: SOFC Balance of Plant Schematic

3.1 Component Models
The SOFC system model is coded in MATLAB and utilizes an iterative averaging solution to converge the twentyone state points shown above in Figure 3. Each state point contains a temperature, pressure, concentration, mass flow
rate, and heat capacity. Component models determine their outlet states mechanistically based upon the inlet states
and given physical, chemical and electrochemical phenomena involved in their operation. The solution of each outlet
state is placed in the state point array of the next iteration.
Mixing Chambers
The updated output state of a mixing chamber is calculated by using a mass balance and an energy balance. In this
way, the outlet state’s temperature, concentration, mass flow, and heat capacity can be calculated. For simplicity, we
assume that all mixing chambers are adiabatic.
∑ 𝑚̇ = ∑ 𝑚̇
(1)
∑ 𝑚̇ ℎ = ∑ 𝑚̇ ℎ
(2)
Anode Recirculation Valve
The recirculation valve is given input that determines the percentage of mass flow that is recirculated into State 3.
This constant can be used as a control mechanism to adjust the steam to carbon ratio in point 3. The two outlets of the
recirculation valve are calculated using a mass balance as shown in Equation 1.
Heat Exchangers
The four basic heat exchangers utilized in the system are modeled mechanistically using a constant heat exchanger
effectiveness, provided as an input to the model. The heat exchange capacity is determined in Equation 3.

𝑄̇

= 𝜖 𝑚𝑖𝑛 𝑚̇ ℎ |

− ℎ , 𝑚̇ ℎ − ℎ |

(3)

The heat exchanger is discretized to produce the temperature profiles of the hot and cold streams. Then, the heat
exchanger pinch point and average effective convective heat transfer coefficient can be determined. It should be noted
that all the heat exchangers were modeled in a counter flow configuration to maximize performance.
Combustor
The post-anode combustor is treated as an ideal reacting combustor in which all the combustible fuels are reacted
completely. The exothermic heat transfer is calculated from the lower heating values (LHV) of the fuels. Note that
incomplete combustion can be modelled in case of a shortage of oxidizer. The temperature of the outlet stream is
calculated using an energy balance shown in Equation 4 assuming the combustor is not a work producing or consuming
component.
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∑ 𝑚̇ ℎ + 𝑄

=∑

(4)

𝑚̇ ℎ

External Steam Reformer
The external steam reformer is modeled using a given methane conversion input, which determines the fraction of
moles that react. The external reformer functions as a heat exchanger while some of the heat transfer is utilized in the
endothermic reactions of the steam-methane reformation and water gas shift. The reformer is considered to have a
heat exchange effectiveness which determines the heat transfer capacity based on the two inlet streams as shown in
Equation 3. Then the amount of heat transfer required for the reformation is calculated in Equation 7.

𝐶𝐻 + 𝐻 𝑂 + 206

(5)

→ 𝐶𝑂 + 3𝐻

𝐶𝑂 + 𝐻 𝑂 → 𝐶𝑂 + 𝐻 + 41

(6)

𝑄̇

(7)

= 165

𝑛̇

𝜂

Fuel Cell Stack
A fuel cell stack model was created to predict the cell voltage within the fuel cell stack. The model was based on the
SOFC stack model provided in O’Hayre et al. [8], which simulates a one-dimensional stack model and simulates
overpotentials from fuel and oxidizer concentrations, ohmic losses within the electrolyte, cathodic losses due to mass
transport, and thermodynamic potential losses within the Nernst Equation. Individual results from the fuel cell stack
model are shown for different stack temperatures in Figure 4.
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Figure 4: SOFC Stack Model Polarization Curve Temperature Variation Results
The ability to simulate losses due to stack temperature adjustments within the cells will become important because
that is one of the two primary variables adjusted for the operation of the SOFC. It should be noted that the stack model
also includes internal reforming of any methane not converted in the external reformer. The cell model combined with
the endothermic reforming and the exothermic oxidation of hydrogen allows the model to calculate the species
concentrations and enthalpy at the outlets of both the anode and the cathode.

3.2 SOFC Model Results
We exercised the model to characterize the exhaust outlet at state point 19, shown in Figure 2. The model was operated
by enforcing a power output of 200 kWe, an anode bypass of 0.5 and a steam to carbon ratio of 2.5. By exercising the
model through fuel utilizations ranging from 0.4 – 0.7, and stack temperatures from 750 °C to 900 °C it is possible to
understand the impacts of these operational values on the exhaust heat capacity. The temperature and mass flow rates
of the exhaust across the operational range described are shown in Figure 5.
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Figure 5: SOFC Exhaust Characterization
Combining the temperature and mass flow of the exhaust, it is possible to represent the amount of useful heat available.
The useful heat transfer was calculated with respect to 140 ℃ to illustrate waste heat recovery by a triple effect
absorption chiller. The equation used to calculate the useful waste heat is shown in Equation 8.
𝑄̇
= 𝑚̇
𝐶 , (𝑇 − [𝑇
= 140 ℃])
(8)
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Figure 6: SOFC Exhaust Useful Heat
Examining Figure 5, two trends can be identified about the heat capacity of the exhaust. First, the temperature of the
exhaust is more dependent on the stack temperature than the fuel utilization. However, the fuel utilization has an
inverse relation with exhaust temperature, which indicates that the primary heat for the exhaust is produced outside of
the fuel cell stack. The post anode reactor plays a large role since the oxidization of the anode exhaust produces heat
that is more directly linked to the exhaust. The second trend is from the mass flow characterization where it is shown
that the lower the stack temperature, the more mass flow is available in the exhaust. This is a result of the temperature
control mechanism which maintains the stack temperature. Since the SOFC produces a constant 200 kWe, the system
must induct more cathode oxidant to cool the stack to a lower temperature and thus increases the outlet mass flow
rate.
By combining the temperature, mass flow, and specific heat capacity of the exhaust stream, the exhaust heat capacity
can be calculated. Figure 6 shows that to maximize the exhaust heat capacity, the lowest fuel utilization and highest
stack temperature should be utilized. The amount of heat available ranges between 80 and 120 kW which when serving
as a thermal input for a triple-effect absorption chiller, should serve to fully offset the thermal load of the servers.

18th International Refrigeration and Air Conditioning Conference at Purdue, May 23-27, 2021

2720, Page 7
4. ABSORPTION CHILLER MODEL
Based on the SOFC simulation results above, a triple effect absorption chiller was selected for its higher coefficient
of performance (COP). A deterministic method of modeling was selected for modelling the triple effect absorption
chiller due to the system’s complexity and the relative accuracy of such an approach. The parallel effect triple effect
absorption chiller system is shown schematically in Figure 7.

Pressure

Temperature

Figure 7: Triple Effect Absorption Chiller System Schematic
The deterministic model for the triple effect system relies upon several state point assumptions, which are listed
below in Table 1.
Table 1: State Point Quality Assumptions
Point

State

Note

Abs Sol Outlet

Saturated Liquid Solution

Vapor quality set to 0 as assumption.

Pump Outlet

Subcooled Liquid Solution

State calculated from pump model.

Strong Sol Outlet

Saturated Liquid Solution

Vapor quality set to 0 as assumption.

Exp Valve Outlet

Vapor-Liquid Solution

Des Ref Outlet

Superheated Water Vapor

Flash from Expansion Valve.
Assumed to be pure water.

Cond Outlet

Saturated Liquid Water

Vapor quality set to 0 as assumption.

Abs Sol Inlet

Saturated Water Vapor

Vapor quality set to 1 as assumption.

Saturated Liquid Solution

Vapor quality set to 0 as assumption.

Des Weak Sol Outlet
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To model the heat transfer processes with the required scalability, an overall heat transfer coefficient times surface
area with a log-mean temperature difference (UA-LMTD) method was determined to be the best solution. The UA
values for the theoretical chiller were obtained from previous literature and implemented in the model as shown in
Equation 9.
𝑄
= 𝑈𝐴 𝛥𝑇 ,
(9)
The UA-LMTD model accounts for heat exchanger sizing within the chiller while also allowing the absorption cycle
state points to adjust their pressures to match the temperature profile of the incoming heat source. The internal heat
exchangers were modeled using a constant effectiveness model.
For the solution pumps within the system, the liquid is considered incompressible and pumped to the set pressure of
the next state point. This equation holds true for any pure fluid and while the solution in the absorption chiller is not
a pure fluid, it is assumed the difference is negligible.
Two methods are required to simulate the vapor flash within expansion valves. The first is for the pure water as it
expands from state point 18 to 19 and 8 to 9. An isenthalpic process is assumed, and the quality is determined from
the pressure and enthalpy of the resultant state. However, when expanding the solution, the flash is calculated by
evaluating the solution at its incoming concentration at the lower pressure that it will be expanded to. The saturation
temperature of the solution at the incoming concentration is assumed to be the outlet temperature and the quality of
vapor is then calculated from the energy balance across the expansion valve.

4.1 Triple Effect Absorption Chiller Results
The triple effect absorption chiller model was then exercised to determine the efficiency at which the chiller could
produce chilling. Using the temperature characteristics from the SOFC model as guidance, the model was exercised
at different high desorber temperatures ranging from 140 - 200 ℃. Additionally, the chilled water temperature was
exercised from 10 – 30 ℃. The adjustment to chilling temperature corresponds to varying applications within the data
center. The COP for the triple effect system across the operating range is displayed in Figure 8 below.
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Figure 8: Triple Effect Absorption Chiller COP Results with Different Cooling Regimes Outlined
Analyzing the results from the triple-effect chiller model, it is immediately apparent that the triple effect chiller can
perform consistently at COPs above 1.8. Briefly considering this result with Figure 6, the assumed chilling capacity
of such a system could theoretically offset the entire thermal load of 200 kWth of servers in the traditional sense by
using air cooling. However, it is possible to further increase the efficiency of the system by cooling at higher
temperatures. The two overlaid rectangles on Figure 8 indicate traditional air-cooling region in blue and the potential
for water cooled servers in the red region. The water cooling of servers allows the cooling medium to operate at a
higher temperature, up to 30 °C, and achieve a theoretical COP of up to 1.85. This boost in performance coupled with
the exhaust heat of shown in Figure 6 present a system that could theoretically produce 200 kW of electricity from the
SOFC while completely offsetting the thermal load of the servers by cooling using a triple effect absorption chiller.
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5. SUMMARY AND CONCLUSIONS
To minimize the impacts of data center electrical consumption, we studied an integrated solid oxide fuel cell (SOFC)
and absorption chiller (AC) system. SOFC systems are beginning to permeate the commercial market and promise
high efficiency energy with great fuel flexibility. Inherently high temperature operation lends SOFC systems to waste
heat recovery. When implemented to data centers, the most useful form of energy secondary to electricity is cooling
for the servers. This study investigated the theoretical operation of a 200 kW SOFC producing electricity at different
fuel utilizations and stack temperatures to characterize the useful heat in the exhaust stream. Fuel utilizations from 0.4
– 0.7 and stack temperatures of 750 – 900 °C expanded the envelope of operation and demonstrated a positive
correlation between stack temperature and exhaust temperature but an inverse relationship between fuel utilization
and exhaust mass flow. Combining the exhaust temperature and mass flow with reference to the waste heat recovery
temperature, useful heat was found to be anywhere from 80 to 120 kW.
Based on the parameters of producing an equivalent chilling of 200 kWth and using the useful heat characterization
from the SOFC model, a triple-effect absorption chiller was selected for investigation. A triple-effect absorption chiller
model was developed using deterministic methods for assuming the outlet state conditions. The triple effect model
was then exercised using various high desorber temperatures from 140 – 190 °C. These temperatures correspond to
different SOFC exhaust temperatures as prescribed by the SOFC model. Secondly the AC model was exercised at
different chilling temperatures to further explore the implementation of chilling in newer liquid-cooled data centers.
Higher chilling temperatures led to the AC being able to produce chilling at a COP of between 1.85-2, which coupled
with the useful heat provided by the SOFC can fully offset the thermal load of the servers.
Based upon the theoretical results of this study, the synergistic relationship between an SOFC and AC provides
promising operational results. Further work will be conducted experimentally to investigate the higher temperature
“off design” operation of absorption chillers and the potential optimization of the two integrated systems. Additionally,
the economics of installing such a system at a hyperscale data center will be investigated to demonstrate economic
feasibility.

NOMENCLATURE
A
Cp
ε
h
j
m
n
Q
T
U
V

area
heat capacity
effectiveness
specific enthalpy
current density
mass flow rate
molar flow rate
heat transfer rate
temperature
bulk heat transfer coefficient
voltage

Subscript
C
Comb
Des
Exh
Fc
H
HX
i
Reform
WHR

cold stream
combustion
desorber
exhaust
fuel cell
hot stream
heat exchanger
individual component
reformation
waste heat recovery

(m2)
(kJ/kg-K)
(-)
(kJ/kg)
(A/cm2)
(kg/s)
(kmol/s)
(kW)
(°C)
(kW/m2-K)
(V)
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